We study merger histories of dark-matter haloes within various cosmological models by running a set of N -body simulations. The simulated cases include the Wilkinson Microwave Anisotropy Probe (WMAP) 5th year results, as well as Einstein-de Sitter universe, with several different power-spectrum shapes. We identify the scaling laws which allow a universal description of merger-trees independently on cosmological parameters. This is done by expressing the conditional mass function (CMF) in scaled variables of mass and time, and relaxing few symmetry assumptions which are usually adopted by the excursion set formalism. The CMF is then approximated by a global fitting function which is accurate for a large range of parameters; including different halo masses, redshifts, and cosmological models. The fit is significantly more accurate than previous estimates. Other statistical properties such as merger-rates and main-progenitor histories are shown to follow the scaling laws provided by the CMF. We show that our global fit can be used to transform merger-trees extracted from a given N -body simulation into a different cosmology or mass resolution. This technique is promising as it conserves the non-markov features of trees and it might be extended easily for handling substructures. It offers a simple way to study the effect of cosmology, dark energy models, and mass resolution on galaxies or other astrophysical objects. As an alternative approach, we confirm that main-progenitor histories follow a lognormal distribution, as was found by Neistein & Dekel. This description is shown to be more natural in capturing the behaviour of trees with time and descendant mass. However, due to the high level of similarity between the different simulations we cannot formulate a universal law describing the parameters of the lognormal distribution.
INTRODUCTION
The growth of dark-matter haloes through merging and accretion is the driving force for many astrophysical phenomena. Accurate theoretical prediction for halo growth is thus a fundamental ingredient in various fields of cosmology, including structure formation, galaxy assembly, black holes growth and quasars physics.
The conditional mass function (hereafter CMF) has been an important tool in quantifying the growth of haloes. It is defined as the average number of progenitors which will merge into a descendant halo at a later time. The CMF was first introduced theoretically by the Extended Press-Schechter formalism (hereafter EPS, Bond et al. 1991; Bower 1991; Lacey & Cole 1993) . Recent theoretical predictions use a variation of EPS, where the ellipsoidal collapse model is adopted instead of spherical collapse (Sheth & Tormen 2002; Moreno et al. 2008; . In addition, an empirical fit to the CMF which is based on N -body simulation was presented by Cole et al. (2008) .
⋆ E-mail: eyal@mpa-garching.mpg.de Although excursion set theories based on the ellipsoidal collapse are successful in predicting the halo abundance (i.e. halo mass function, see below), it seems that they do not provide a CMF which is significantly closer to N -body simulations than the traditional EPS result. Most of the current estimates of the CMF show significant variations from the results of N -body simulations where the number of progenitors can differ up to a factor of 3, especially for massive progenitors. The only estimate which was proved to be more accurate is the empirical study of Cole et al. (2008) , where deviations can occasionally reach 50%. Since this fit was calibrated against the Millennium simulation (Springel et al. 2005) , there is a need to verify it for cosmological parameters which better fit the recent Wilkinson Microwave Anisotropy Probe (WMAP) 5th year data (e.g. Komatsu et al. 2009) .
A major target of this paper is to provide a better empirical description of the CMF as measured from N -body simulations. We work out the possible scaling laws which can be applied to the CMF in order to capture its details over large range of cosmological models, halo mass and redshifts. The result is an accurate fitting function, which offers a significant improvement in accu-racy over previous studies. This empirical fit is useful for various applications. It can help us distinguish between different analytical models, and can guide us to new improved versions of them. Such a fit can be used for generating monte-carlo merger-trees, which will accurately reproduce the results of N -body simulations. The effect of cosmology, environment density and different dark energy models can be studied, relating these ingredients to haloes and galaxies (e.g. Macciò et al. 2008) . We discuss below few additional applications in more details.
Much effort has been invested in recent years in quantifying the abundance of haloes of a given mass (i.e. the halo mass function). The analytical model of Sheth & Tormen (1999) offers a significant improvement over the previous classical estimate of Press & Schechter (1974) . On the other hand, the ever-growing dynamical range of N -body simulations allows an accurate measurement of the mass function with a negligible sampling scatter or cosmic variance (e.g. Jenkins et al. 2001; Warren et al. 2006; Reed et al. 2007 ). However, deviations between the theory and simulations still exist. For example, Tinker et al. (2008) have shown that deviations can increase as a function of redshift, reaching few tens of percents at z = 2.5. An accurate knowledge of the CMF can predict how the halo mass function will change with redshift. The benefit in using the CMF is that it includes much more information than the halo mass function, and the statistical noise is still small enough.
We will discuss a new methodology for scaling a given set of merger-trees into a different cosmological model or mass resolution. Although this technique requires an existing database of merger-trees extracted from a given N -body simulation, it offers an easy transformation for merger-trees to different redshift, mass resolution or cosmology. There are various advantages for using this method over monte-carlo generated trees. It can bypass the issue of non-markov features of the trees which correlates adjacent time-steps (Sheth & Tormen 2004; Neistein & Dekel 2008a) , and it may be extended to include substructures and halo locations. Such a method can be very useful for semi-analytical modeling of galaxy formation, black hole growth, and dwarf galaxies assembly.
The usual line of thought in quantifying merger-trees starts with the definition of the CMF. This is the basic prediction of the EPS formalism, and it includes substantial information on the trees statistics. Once the CMF is known, more detailed statistics can be examined, such as main-progenitor histories and merger-rates. However, Neistein & Dekel (2008a, hereafter ND08a) have shown that a different path of reasoning is possible. These authors quantified the main-progenitor histories first, and then showed that it allows a full construction of merger-trees. Moreover, it was shown that the main-progenitor statistics is very regular, and follows a lognormal distribution in an appropriate mass variable (S, the variance of the smoothed density field). In this study we test this methodology for the set of simulations used here, and show that it allows an accurate description of N -body simulations which is more simple than the standard CMF approach. However, additional data is needed in order to formulate this approach independently on the cosmological model.
It should be noted that the CMF does not include all the information needed for describing merger trees. There are in general many different subsets of trees that can accurately fit a given function. Nonetheless, we will show in this work that the scaling laws of the CMF can provide a good estimate for the full statistics of the merger-trees, including main-progenitor histories and merger-rates.
This paper is organized as follows. In §2 we describe the set of N -body simulations we use, and the way merger trees are constructed. Section 3 is devoted to the conditional mass function where we study its scaling properties, and we provide an accurate fitting function. In §4 we discuss an alternative description, using main-progenitor histories. A simple prescription on how to scale a given simulation is developed in §5. We summarize the results and discuss them in §6. Additional statistical properties of mergertrees which are not critical for the body of the paper are added in Appendix A. Throughout the paper we use log to designate log 10 , natural logarithm is written as ln.
THE SIMULATIONS
All simulations have been performed with PKDGRAV, a tree code written by Joachim Stadel and Thomas Quinn (Stadel 2001) . The code uses spline kernel softening, for which the forces become completely Newtonian at 2 softening lengths. Individual time steps for each particle are chosen proportional to the square root of the softening length, ǫ, over the acceleration, a: ∆ti = η p ǫ/ai. Throughout, we set η = 0.2, and we keep the value of the softening length constant in co-moving coordinates during each run (ǫ=1.62 h −1 kpc). Forces are computed using terms up to hexadecapole order and a node-opening angle θ which we change from 0.55 initially to 0.7 at z = 2. This allows a higher force accuracy when the mass distribution is nearly smooth and the relative force errors can be large. The initial conditions are generated with the GRAFIC2 package (Bertschinger 2001 ). The starting redshifts z i are set to the time when the standard deviation of the smallest density fluctuations resolved within the simulation box reaches 0.2 (the smallest scale resolved within the initial conditions is defined as twice the intra-particle distance). For each simulation we stored more than 100 outputs from redshift 10 to redshift zero, in order to construct detailed merger trees. The parameters of the simulations used in this work are describe in Table 1 .
In all simulations, dark matter haloes are identified using the FOF algorithm with linking length of 0.2 times the mean interparticle separation. Only haloes which include more than 20 particles are saved for further processing. For constructing merger trees, we started marking all the particles within the virial radius of a given haloes at z = 0 and we tracked them back to the previous output time. We then make a list of all haloes at that earlier output time containing marked particles, recording the number of marked particles contained in each one. In addition we record the number of particles that are not in any halo in the previous output time and we consider them as smoothly accreted.
We used the two criteria suggested in Wechsler et al. (2002) for halo 1 at one output time to be labeled a "progenitor" of halo 2 at the subsequent output time. In our language halo 2 will then be labeled as a "descendant" of halo 1 if i) more than 50% of the particles in halo 1 end up in halo 2 or if ii) more than 75% of halo Various shapes of S(M ) = σ 2 (M ) for the set of simulations used in this work. S(M ) is defined as the variance of the initial density field, smoothed over spherical regions that include on average the mass M , and linearly extrapolated to z = 0. S(M ) is corrected according to the initial condition density field used for each simulation. As a reference we plot S(M ) that was used in the Millennium simulation (Springel et al. 2005). 1 particles that end up in any halo at time step 2, do end up in halo 2 (this second criterion is mainly relevant during major mergers). Thus a halo can have only one descendant but there is no limit to the number of progenitors.
We found evidence for the so-called 'backsplash' subhalo population (e.g. Knebe et al. 2008) . These haloes have orbits that brought them inside the virial radius of their host at some earlier time, but without them been really accreted (i.e. they managed to come out from their host dark matter halo). We decided to treat them in two different ways according to their final fate: i) If after have been inside the main halo, the backsplash halo survives as isolated halo till the present time, than it is removed from the progenitor list of the parent halo (i.e. it is removed from the merger tree); ii) if the halo is accreted again (in a definite way) by the main halo at a later time step then it is considered as accreted the first time it entered the main halo. We found that back splash haloes are roughly 8% of the total progenitor number but they only marginally contribute (less than 2%) to the final halo mass.
According to the Extended Press-Schechter formalism the statistical properties of merger-trees are fixed by the density field at early times when perturbations grow linearly. All the statistical properties of this field are described by its variance, S(M ) = σ 2 (M ). Specifically, S(M ) is the variance of the density field, smoothed with a spherical top hat filter in space, and linearly extrapolated to z = 0 (for more details, see Lacey & Cole 1993) . In fig. 1 we plot S(M ) for all the simulations used in this work. This comparison shows the predicted similarity between merger-trees of different simulations: we have two simulations with very similar S(M ) but different Ωm (lcdm & scdm2). One simulation has a low value of σ8 (wmap5), and the scdm1 simulation has a very different shape of S(M ).
In order to avoid deviations of S(M ) due to the small box size and cosmic variance we measured it directly from the initial condition density field used for each simulation. The values of σ8 given in table 1 are those obtained by this calibration method. For the scale free simulation (scdm2) the box size is important as it limits contributions from large scales to the field variance (see a detailed discussion in Smith et al. 2003) . This effect bends S(M ) slightly at the high mass end, in agreement with the theoretical prediction.
CONDITIONAL MASS FUNCTION
This section is devoted to a comparison of the conditional mass function (CMF) as extracted from our set of N -body simulations. The scaling laws of the CMF are important as they highly constrain the behaviour of the full statistics of merger-trees. In Appendix A we show other statistical properties of trees, and demonstrate that they follow approximately the properties of the CMF found here.
According to the Extended Press-Schechter formalism (EPS, Bond et al. 1991; Bower 1991; Lacey & Cole 1993) , the average number of progenitors in the mass interval [M, M + dM ], which will merge into a descendant halo M0 after a timestep ∆ω, is given by
Here ω ≡ δc(z)/D(z), where δc(z) ≃ 1.68 with a weak dependence on z, and D(z) is the cosmological linear growth rate. ∆ω ≡ ω − ω0 where the progenitors are identified at ω(z) and the descendant halo at ω0. We refer the reader to the appendix of ND08a for a detailed summary on how to compute ω, and a simple fitting function. The quantity f dS describes the fraction of mass (out of the descendant halo) that is included within progenitors of mass in the range [S, S + dS]. According to EPS
where ∆S ≡ S(M ) − S(M0), and fps is the specific solution of f given by the EPS formalism. In what follows we will use the name 'CMF' to designate dN/dM only. In the language of the EPS formalism fps does not depend explicitly on the descendant halo mass M0 or on the background cosmology. These parameters appear only in the transformation of ∆S and ∆ω to mass and redshift. Even though the EPS formalism fails to produce accurate merger-trees (i.e. the shape of fps is not accurate), in general it might be that the universality of fps still exist. Sheth & Tormen (2002) and Cole et al. (2008) have tested the behaviour of f using N -body simulations, both showing non-negligible deviations from universality. However, these studies do not explore in detail the break in the universality, and do not test other models for f against N -body simulations. For example, Cole et al. (2008) have studied f only for descendant haloes identified at z = 0 and showed deviations of ∼ 50%for various values of ∆ω and halo masses.
The universality of fps is based on two ingredients: the dynamics of the spherical collapse model, and the properties of the initial density field when smoothed by a top-hat filter in k-space. Many works have investigated variations of this formalism by using the ellipsoidal collapse model, or smoothing filters with different shapes (Bond et al. 1991; Sheth & Tormen 2002; Zentner 2007; Desjacques 2008 ). Such models predict that f may depend on the descendant halo mass, breaking its simple universality. For example, Moreno et al. (2008) have stressed the fact that when using the ellipsoidal collapse model, f is universal if the variables S(M ) and ∆ω are normalized by S(M0) and p S(M0) respectively. In its most general form f may depend on S0 ≡ S(M0), ω0, and on the specific cosmology used. As will be shown below, neglecting the dependence on ω0 and cosmology is possible, but the dependence on S0 is essential for accurate description of the CMF.
Self-similarity in time
According to eq. 1 the CMF as predicted by EPS depends only on ∆ω and not on the redshift z 0 where the descendant halo is defined. This self-similarity implies that merger-trees extracted at different redshifts are self-similar when using ω as the time variable. Indeed, ND08a and Genel et al. (2008) have verified this behaviour using merger-trees extracted from the large Millennium simulation (Springel et al. 2005) . It was shown to work well for mainprogenitor histories and merger-rates, with scatter of few percent up to z ∼ 5 (see also , who found deviations from this symmetry using a different definition of the halo mass).
In fig. 2 we show the level of self-similarity in time obtained by our four N -body simulations. The scdm1 & scdm2 simulations show small variations in the CMF between different z 0 , consistent with the sampling noise. The wmap5 and lcdm cosmologies show larger deviations, up to a factor of two for small progenitors, and for the time-step ∆ω = 0.5. However, the data do not show a monotonous trend with z 0 , hinting that our small statistics may contribute to the scatter. For example, the number of descendant haloes within a mass range 10
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10 13 h −1 M⊙ in the wmap5 cosmology is roughly (500,400,100,100) for z 0 = (0, 1, 2, 3) respectively. It is also encouraging that better results were obtained for the Millennium simulation (as described above) and for large time-steps. Nonetheless, some deviation from self-symmetry may be related to the halo mass definition (i.e. the FOF linking length) and its evolution with redshift. As explained in section 2, we try to correct the merger-trees for 'backsplash' haloes. This correction may introduce some additional asymmetry between z 0 = 0 and higher redshifts.
The fact that merger-trees are similar when the descendant is identified between z = 0 up to at least z = 3 is an important result. Due to the change in the effective cosmological parameters at large z (i.e. Ωm, ΩΛ), the merger trees at high-z correspond to a different cosmological model. Thus, the dependence of mergertrees on Ωm, ΩΛ and on the Hubble constant should be all folded into the time variable ω = δc/D. In fig. 3 we test this hypothesis by comparing the CMF from scdm2 and lcdm simulations. These simulations have a similar shape of S(M ) (see fig. 1 ) but very different Ωm values. The agreement is within the Poisson sampling error-bars, proving that ω can scale properly different expansion histories of the Universe.
Different power-spectrum
Following the EPS formalism (eq. 2) the fraction of mass inside progenitors, fps(∆S, ∆ω), depends only on ∆ω and ∆S. As mentioned above, one could assume less universal form, f (∆S, ∆ω|S0) that will enable accurate description of the CMF in N -body simulations. In order to test this we plot f in fig. 4 for two sets of power-spectra. The results of the first comparison (left panels), between lcdm and wmap5 simulations, is very good, showing no significant deviation of f between the two models. This is obtained when the same values of M0 are selected in each cosmology, or the same S0 = S(M0). The difference between these two selection criteria is negligible, so we actually sample f (∆S, ∆ω|S0) for a small range in S0.
The second comparison (right panels), shown in fig. 4 , is for wmap5 and scdm1 cosmologies. As seen in fig. 1 both S(M ) and its derivative dS/dM are very different between these two simulations. This is being translated into a large discrepancy in f when the same values of M0 are chosen from both simulations. However, selecting a sample with the same S0 values leaves f invariant, proving that f = f (∆S, ∆ω|S0) (at least for our limited set of data). For a given S0 the values of M0 in both simulations differ by a factor of ∼10, limiting the dynamical range for which we can check this f scaling.
The dependence of f on S0 deserves a more careful test, probably with a larger set of N -body simulations, spanning a larger range of power-spectra. It is important to verify that such a dependence is not related to the shape of S(M ), as was found here. If this is true, it implies that a modification to the normalization of the power-spectrum (σ8) which changes S0, will induce a non-trivial change to the CMF. Such a dependence on σ8 is different from the simple scaling of the shape ∆ω/ √ ∆S that is used by EPS (see below).
Global fitting function
The EPS formalism suggests that the mass (∆S) and time (∆ω) variables can be scaled into a new variable ν ≡ ∆ω/ √ ∆S. In terms of ν, the function f (ν) ν dS/dν should be universal. As shown above some dependence on S0 is required, so we can try to use a function of the shape f (ν|S0). This is tested in fig. 5 where we plot f (ν|S0) for a fixed value of S0 and for various ∆ω. The clear deviations from a unique line show that such a formulation is too simple and incompatible with the results of Nbody simulations. This figure is very similar to the one given in Sheth & Tormen (2002) and Cole et al. (2008) , and agrees with these previous results. Thus, we are forced to use a more general form f = f (∆S, ∆ω|S0).
We found that the fitting function below can fit the CMF from our set of N -body simulations for all time-steps larger than ∆ω ∼ 0.5 and all S0 values. We have looked for the simplest possible function that can fit the data, which is still similar to the EPS original function. The function we adopt is: In fig. 6 we compare our fitting function to the simulation data, showing that it accurately reproduces the trends found. The agreement between the fit and data is at the level of the statistical noise. The dependence on S0 is mainly seen at low ∆S (corresponding to massive progenitors). We also show the EPS prediction and the fit derived by Cole et al. (2008) , both independent on S0. Evidently, our fit agrees well with Cole et al. (2008) for intermediate and massive haloes. This is encouraging because the fits are based on different simulations and different merger-tree construction schemes. However, our fit breaks the symmetry of using only ν as was done by Cole et al. (2008) , in this way it can capture the behaviour of the data for low mass haloes, and across various time-steps. The accuracy for different ∆ω can be specifically seen in fig. 5 .
The integral of f can be computed analytically only for α = 2 (S0 ∼ 2.5), for the whole halo mass range we computed the integral numerically, yielding 0.75 up to 0.9, depending on the descendant mass and on the time-step. This predicts that a substantial fraction of the mass is not included in any progenitors but rather accreted from a 'smooth' component.
Throughout this work we mainly discuss the EPS formalism in its standard version. However, as mentioned in the introduction, versions of this formalism which use the ellipsoidal collapse model are presumably more accurate, as is indicated by their ability to predict accurate halo mass functions. We examine two such studies, the pioneer work of Sheth & Tormen (2002) work by Moreno et al. (2008) . Our interpretation of both studies is that the CMF as predicted by the spherical model is comparable in its accuracy to the one predicted by ellipsoidal collapse. This can be seen in figs. 7 & 8 of Sheth & Tormen (2002) . More evidently, figs. 3-5 of Moreno et al. (2008) show that the spherical model gives better results for low mass descendant haloes, but this trend changes for massive haloes, where the ellipsoidal collapse is more accurate. A similar trend can be seen in fig. 6 here, where the deviations from EPS are shown to be larger for lower S0 values.
MAIN-PROGENITOR HISTORIES
The "main-progenitor" history of a given merger-tree is constructed by following backward in time the most massive progenitor in each merger event. This is a useful definition as it allows us to follow a well defined branch of the tree. In addition, a quantitative description of the main-progenitor history highly constrains the full statistics of trees. Properties of main-progenitor histories were studied extensively, both analytically and using N -body simulations ( Zhao et al. 2008 ). Let us also mention that the main-progenitor is not always the most massive progenitor at a given time. We define P1 as the probability density to find a mainprogenitor of mass S(M1) for a given descendant halo mass M0, and a time-step ∆ω. As was found by ND08a, P1 can be well fitted by a lognormal distribution,
Here ∆S1 = S(M1) − S(M0), the parameters (σp, µp) depend on S0 and ∆ω, and as usual S0 ≡ S(M0). By definition, the integral over P1(∆S1) equals unity for any S0 and ∆ω. Main-progenitor histories were constructed for all the simulations used in this work. Following ND08a, we confirm that the lognormal distribution fits accurately the simulation results. This was tested for all possible ranges of halo masses, redshift, and timesteps. As was mentioned by ND08a the fit becomes inaccurate for small time steps, typically for ∆ω 0.5. Such a behaviour is found here as well. One exception to the above, where the lognormal fit is somewhat innacurate, is for the scdm1 simulation at z 0 = 0. This may be due to the high sensitivity of ∆S in this cosmological model (dS/dM is typically 7 times larger than other cases). The fact that the fit works well for z 1 data using the same cosmological simulation is encouraging. In fig. 7 we plot main-progenitor distributions for few cases of halo mass, z 0 and ∆ω, more examples can be found in Appendix B. The accuracy of the lognormal fit as plotted here is typical for the rest of the cases.
For each cosmology we are able to use a global fit, similar to the one suggested by ND08a
1 . The fit approximates the standard deviation and average of ln ∆S1 by σp = (a1 log S0 + a2) log ∆ω + a3 log S0 + a4 (6) µp = (b1 log S0 + b2) log ∆ω + b3 log S0 + b4 .
We provide numerical details for the values of these parameters in Appendix B. For a given S0, the evolution with time of σp and µp is simply linear in log ∆ω. In fig. 5 we show that this evolution gives a very accurate fit to the relevant part of the CMF (the CMF and main-progenitor distribution are identical for M > M0/2). We recall that such time-evolution was obtained for the CMF using much more complicated ∆ω dependence (see eq. 3). Although both approaches discuss only the fitting possibilities, it seems that the main-progenitor gives a much simpler way to describe the merger history in an accurate way.
The simple behaviour of P1 for each cosmology as seen in eq. 6 and in fig. 5 calls for a more global fit, which predicts the parameters of P1 in other cosmological models. We compared P1 for our set of simulations and found a high level of self-similarity, with the exception of the scdm1 case. Unfortunately we could not find a general law able to combine scdm1 with the other cosmological models. For example, choosing haloes with the same values of S0 from scdm1 and other simulations does not yield the same results. To summarize, our study indicates that the main-progenitor distribution as extracted from N -body simulations has a universal lognormal shape. However, the dependence of the lognormal parameters on cosmology is not clear, and there is no theoretical explanation to this phenomena yet.
APPLICATIONS
An accurate fitting function for the CMF includes substantial information on halo growth, and it has various interesting applications: it can shed more light on the evolution of the halo mass function with redshift and cosmology (e.g. Tinker et al. 2008) , it can constrain dark energy models, it is useful for generating montecarlo merger-trees, and for predicting mass-accretion histories of the main-progenitor. Here we focus on a new methodology for rescaling a given set of merger-trees between different cosmological models. We also discuss briefly the possibility of generating montecarlo trees.
Re-scaling a given merger tree
There are many existing resources of N -body simulations and related merger-trees which are publicly available. The most useful one being the Millennium simulation (Springel et al. 2005 ) with its web-based database (Lemson et al. 2006) . However, recent changes in the observed values of cosmological parameters (especially σ8) make these simulations innaccurate for predicting observable quantities in our Universe. Here we suggest a new methodology to transform merger-trees into a different cosmological model, halo mass, and redshift. Such transformation can also be useful for enhancing the mass resolution of merger-trees. There are few benefits for this approach over the standard method of generating monte-carlo trees: (a) it can preserve the non-Markov behaviour of trees (see e.g. ND08a) (b) it might be easily extended to handle substructures (c) it might be extended to accurate transformation of halo spatial locations. We define case r as our reference data from a given mergertree, {Mi |M0, ∆ω, C}r
The data is defined as a set of progenitors Mi for a given descendant halo mass M0, time-step ∆ω and a cosmological model C. Our target case is defined as a different cosmology e C and descendant mass f M0
We are looking for a transformation of the kind
that will yield a different set of progenitors, possibly for a different time-step, which will be consistent with the target case. We define the new transformed case as being consistent with the target case if the full statistical properties of the trees are similar. Specifically, we will require that the transformed progenitors will yield a CMF which is consistent with f M0, g ∆ω, and e C. Note that our global fit was done for f (∆S, ∆ω|S0), as seen from eq. 1 the CMF includes two other components, the mass ratio M0/M and the derivative dS/dM .
We start by searching for the most accurate transformation in ∆ω which can compensate for the change in cosmology C, or descendant halo mass M0. This means we use only the transformation ∆ω → g ∆ω. In fig. 8 we plot the CMF for two sets of cosmologies, where ∆ω is matched according to the global fit to the CMF. This time transformation is relatively accurate, although it can introduce large transformation in time (almost a factor of 2 in ∆ω for one of the cases tested here). The original differences between the simulations can be seen in fig. 2 for reference. Although results are relatively accurate, it seems that the transformation in ∆ω do not provide a uniform accuracy for all descendant masses. In fig. 9 we show how scaling ∆ω can compensate for different descendant halo masses. This indicates that enhancement of mass resolution can be easily obtained. We emphasize that the ∆ω transformations used here are obtained from matching the CMF, using our global fit (eq. 3).
This transformation in time is limited in few aspects: it is not always accurate, it can lower the time resolution of a merger-tree significantly, and it will stretch the non-markov correlations between consecutive time-steps in a way that might be different from the behaviour of the simulations. Our statistical sample do not allow to explore the last effect in detail, but we plan to pursue this in a future work.
A less trivial transformation is needed when the time scaling cannot provide an accurate enough solution. In this case we can transform the mass of the progenitor haloes in order to yield the same CMF. For any progenitor mass M we define f M such that the integral over the number of progenitors will be invariant,
This equation can be used to find the transformation M → f M numerically using the global fitting function of eq.3. In fig. 10 we show that this transformation can yield perfect matching between very different CMF's. The only limitation in the accuracy is the goodness of our global fit, which is used to find the mass transformation above. As shown in fig. 10 the same mass transformation . Scaling the mass in order to compensate for the change in dN/dM . We use eq. 10 to transform the mass of progenitors from wmap5 simulation (solid blue lines) into scdm1 (dashed red), both at the same time ∆ω. The mass transformation M i → f M i was found according to the global fit at a specific time-step, ∆ω = 1. The same transformation is used to transform the actual progenitor masses for all time-steps used here. The dashed-dotted lines show the resulting histograms, which are similar to the target case. The descendant halo mass is 10 12 h −1 M ⊙ .
is suitable for a large range of time-steps, so the deviations of the CMF fit at small time-steps do not degrade the accuracy of the mass transformation.
In general, one might use transformation of ∆ω and mass according to the specific case needed. Time transformation are much more easy to perform, and should be preferred for cases where the resulting time resolution is not problematic. Mass transformation can be done as a second step, to increase the accuracy of the statistics by small variations in mass. For example, as tested above, using the results of the Millennium simulation (Springel et al. 2005 ) with a transformation g ∆ω = 0.86∆ω should give merger-trees which are consistent with the cosmological model WMAP5 for a large range of halo masses. For this simple case, the time transformation is consistent with the naive EPS prediction and scales like σ8.
Generating monte-carlo trees
Constructing monte-carlo merger-trees is doable once an accurate knowledge of the CMF is given for all time-steps. There are various algorithms that were applied to the EPS CMF, and can be easily generalized for other CMF's (Kauffmann & White 1993; Neistein & Dekel 2008b; . In this sense our fitting function for the CMF might be very useful for constructing monte-carlo trees that fit the results of N -body simulations. However, there are some limitations to this approach which we will emphasize here below. As stated in the previous section, the quality of our global fit is poor for small time steps (∆ω < 0.5). On the other hand, the timestep which is convenient for constructing monte-carlo trees is much smaller, around ∆ω = 0.1. Larger time-steps yield many progenitors in each merger event, and a large uncertainty in the predicted merging time of the haloes. As a result, we do not have an accurate fitting function for the CMF, which is appropriate for generating monte-carlo trees. More than that, an accurate fit for the CMF at small ∆ω will not provide a solution, because the behaviour of merger-trees is highly non-markov at such small time-steps. This means that applying the CMF in consecutive time-steps without proper correlation between steps will generate large deviations in the merger histories (ND08a).
A possible solution to these problems is to look for a new CMF at small time-steps that will reproduce the CMF from N -body simulations at big time-steps. The CMF at small ∆ω does not have to match N -body simulations, it can only be tested by applying it on few consecutive time-steps. Such a methodology was introduced by ND08a and found to produce good results. However, the resulting trees are fully markov, differing from N -body simulations. As a result of the above complications we think that this problem deserve more room than what is left here, and we postpone it to a future work.
SUMMARY AND DISCUSSION
In this work we study merger-histories of dark-matter haloes using a set of N -body simulations. The cosmological models simulated use Ωm = 0.26 & 1, along with various power-spectrum shapes. The main quantity we examine is the conditional mass function (CMF), and we verified the results with the statistics of main-progenitor histories and merger-rates.
It is first shown that merger-trees are self-similar in time when the variable ω = δc/D is used (δc ∼ 1.68 and D is the cosmological linear growth rate). Such self-similarity was found before by Neistein & Dekel (2008a) and Genel et al. (2008) using the Millennium simulation (Springel et al. 2005) , and it is verified here for different cosmological models. We prove that this symmetry also implies that ω can scale properly different expansion histories of the Universe.
For a given descendant mass and cosmology, the CMF depends on the lookback time in a way more complicated than the standard Extended Press-Schechter (EPS) prediction. This implies that the halo mass function should change in redshift in a different way than the linear σ(M, z) behaviour. Indeed deviations of this kind where found recently by Tinker et al. (2008) using a large set of N -body simulations. This demonstrates that studies of the CMF may constrain the halo mass function in a more detailed way.
We found that the CMF depends on the mass of the descendant halo, when written in terms of the field variance σ 2 (M ). Using the above findings we derive a global fit to the CMF which is accurate for our set of simulations. We show that our fitting formula behaves better than EPS estimates based on the ellipsoidal collapse model (e.g. Sheth & Tormen 2002; Moreno et al. 2008) , and also than other empirical fit (Cole et al. 2008 ). Our global fit shows deviation from the results of N -body simulations only at relatively small time-steps (∆z < 0.5). Recently, Zhao et al. (2008) studied the behaviour of main-progenitor histories for different cosmological models. They provide a fitting procedure for estimating median main-progenitor histories in any cosmological model. However, these authors used only median values, so the full CMF cannot be estimated from their results.
It was shown by Neistein & Dekel (2008a) that mainprogenitor histories follow the lognormal distribution when plotted against σ 2 (M ), this behaviour is also valid for our set of simulations. In this language the parameters of the distribution both depend linearly on log ∆ω. Such a time-dependence is more simple than the dependence needed for an accurate CMF fit. Thus, the simple lognormal behaviour indicates that it might be useful to explore its origin further. We plan to do this in a future work.
We discuss one specific application of this study, which is to scale merger-trees given by an N -body simulation into a different cosmological model, mass range or redshift. We prove that these scalings yield merger-trees which are quite accurate, more than other approaches of constructing monte-carlo merger-trees. The scaling conserves the correlation of the progenitor masses between time-steps, an effect that would be hard to mimic in montecarlo generated trees. There is still a need to study the scaling of substructures in a similar methodology. Substructures should be affected mostly by the mass ratio of the subhalo to its host halo, and by the dynamical time-scale within the host. Once these quantities are conserved, substructures might be easily scaled as well. This effect should be studied with high resolution simulations, and cannot be pursued here. Here as well, self-similarity in time is shown to be accurate with the exception of the scdm1 simulation at z 0 = 0. In figs. A3 & A4 we plot the mutual distribution of the two most massive progenitors. We show two dimensional histograms for descendant haloes selected at z 0 = 0, 1, 2. The results for scdm1 & scdm2 simulations show accurate similarity for different z 0 . However, the lcdm and wmap5 show deviations a the level of 10-20% in mass. These deviations decrease at larger time steps, so they might be connected to non-markov effects at small timesteps, and their variation with redshift. In addition, our treatment of 'blacksplash' haloes may affect the results (see the discussion in section 3.1).
A2 Scaling merger trees
In this section we further examine the scaling of merger-trees as it was applied in section A2. We only show mutual distributions of the two most massive progenitors, (M1, M2), as the main-progenitor distribution is highly constrained by the CMF (see e.g. Neistein et al. 2006) . In fig. A5 we examine the timetransformation which was used to generate fig. 8 . The results of the mass scaling as applied in fig. 10 are shown here in fig. A6. 
APPENDIX B: A GLOBAL FIT TO THE MAIN-PROGENITOR DISTRIBUTION
In section 4 we claim that the lognormal distribution can be easily described for all time-steps and descendant masses using eqs. 5 & 6. This is shown in fig. B1 , where full distributions of the mainprogenitor mass are plotted. In tables B1 & B2 we summarize the parameters of the fits. . The full distribution of the main-progenitor for different cosmologies and time-steps. Descendant haloes are selected at z 0 = 1 with mass between 10 12 and 10 13 h −1 M ⊙ . Main-progenitor mass is followed backward in time until ∆ω = 0.5, 2, 4. Histograms show the simulation data, smooth lines are generated using our global fit.
